Oliver SR, Phillips NA, Novosad VL, Bakos MP, Talbert EE, Clanton TL. Hyperthermia induces injury to the intestinal mucosa in the mouse: evidence for an oxidative stress mechanism. Am J Physiol Regul Integr Comp Physiol 302: R845-R853, 2012. First published January 11, 2012 doi:10.1152/ajpregu.00595.2011.-Loss of the intestinal barrier is critical to the clinical course of heat illness, but the underlying mechanisms are still poorly understood. We tested the hypothesis that conditions characteristic of mild heatstroke in mice are associated with injury to the epithelial lining of the intestinal tract and comprise a critical component of barrier dysfunction. Anesthetized mice were gavaged with 4 kDa FITC-dextran (FD-4) and exposed to increasing core temperatures, briefly reaching 42.4°C, followed by 30 min recovery. Arterial samples were collected to measure FD-4 concentration in plasma (in vivo gastrointestinal permeability). The small intestines were then removed to measure histological evidence of injury. Hyperthermia resulted in a Ϸ2.5-fold elevation in plasma FD-4 and was always associated with significant histological evidence of injury to the epithelial lining compared with matched controls, particularly in the duodenum. When isolated intestinal segments from control animals were exposed to Ն41.5°C, marked increases in permeability were observed within 60 min. These changes were associated with release of lactate dehydrogenase, evidence of protein oxidation via carbonyl formation and histological damage. Coincubation with N-acetylcysteine protected in vitro permeability during hyperthermia and reduced histological damage and protein oxidation. Chelation of intracellular Ca 2ϩ to block tight junction opening during 41.5°C exposure failed to reduce the permeability of in vitro segments. The results demonstrate that hyperthermia exposure in mouse intestine, at temperatures at or below those necessary to induce mild heatstroke, cause rapid and substantial injury to the intestinal lining that may be attributed, in part, to oxidative stress. heatstroke; small intestine; protein carbonyl; fluorescein isothiocyanate-dextran; BAPTA-AM
SEVERE HEATSTROKE IN HUMANS is characterized by multiple organ injury, cell death, and hemorrhage to a large number of organ systems (29) . In the 1970s Graber et al. (13) reported that patients with heatstroke exhibit elevations in circulating endotoxin that suggested a breach in the intestinal barrier. Since this initial observation there have been numerous animal studies that have demonstrated that severe hyperthermia exposure results in elevations in intestinal permeability and endotoxin translocation (12, 18, 22, 36, 39, 40) . This is generally held to be an important contributor to the morbidity and mortality of severe heat illness as the endotoxin released into the circulation or lymphatics activates the innate immune system, which can then contribute to the rapid progression toward multiorgan failure (4, 5, 24, 27) . In addition, there is emerging evidence from other models of acute intestinal injury (e.g., ischemiareperfusion) that the release of digestive enzymes into the submucosa from the upper regions of the small intestine may induce acute inflammatory responses as potent as endotoxin (38) . Therefore, understanding the mechanisms and conditions underlying the permeability defect in the intestine is an important link to understanding the origins of the inflammatory response in hyperthermia and for developing future strategies for mucosal protection in at-risk populations.
The causes of the increased intestinal permeability due to hyperthermia are not well understood, but they have been attributed to both the direct influence of increased temperature (11, 16) and to secondary effects of intestinal ischemia that arise from diversion of splanchnic blood flow to vascular beds participating in heat exchange (16) . In addition, both heatinduced injury to the epithelial lining (22) and regulated opening of epithelial tight junctions (11, 47) have been implicated as important underlying mechanisms of increased permeability.
Little is known about the influence of hyperthermia on the mouse intestine, even though the mouse has emerged in recent years as a highly relevant model for exploring the underlying pathophysiology of heatstroke (23, 25, 26) and for understanding the basic mechanisms regulating intestinal permeability in disease (10, 44) . In this study, we tested the hypothesis that hyperthermia exposure in mice, at temperatures associated with mild heatstroke, causes significant elevations in in vivo gastrointestinal permeability and injury to the epithelial lining. Second, using an in vitro model of isolated small intestine, simulating heatstroke conditions, we tested the hypothesis that hyperthermia induces tissue injury to the intestinal lining via a mechanism dependent on oxidative stress. To address this hypothesis three different antioxidants, which suppress different aspects of oxidative stress, were used in the in vitro hyperthermic intestine, namely Tiron for superoxide formation (14) , Trolox for lipid peroxidation (28) , N-acetylcysteine (NAC) for thiol depletion (33) .
All experiments were performed on adult C57BL/6J male mice (23-30 g; 8 -13 wk of age) using procedures approved by the University of Florida Animal Care and Use Committee. The animals were housed at the University of Florida Animal Care Facility on a 12:12 light cycle, 22°C and 45% humidity.
In vivo permeability studies. Mice were provided free access to both food and water before the experiment and were anesthetized with 60 mg/kg ip pentobarbital, diluted 1/10 in sterile saline and administered at ϳ9:00 A.M. Under anesthesia, the mice were gavaged with 10 l/g of 20.8 mM 4 kDa FD-4 into the middle of the esophagus. They were then held in an upright position for Ϸ5 min to avoid regurgitation of the probe. Mice were excluded if FD-4 was found in the oral-pharyngeal cavity, which could be checked post mortem with a UV light box. Next, 0.5 ml sterile saline was administered subcutaneously in the neck region. Core temperature was monitored with a YSI 400 rectal thermistor connected to a temperature monitor/PID servocontrol unit (Digi-Sense). Data were recorded in 15-s intervals with Digi-sense Software (Eutech). The mice were loosely taped in the supine position, and the incisors were pulled forward with suture to gently extend the neck. The tip of the tongue was pulled outward and to the side using a miniature bulldog clamp to ensure a patent upper airway. The tongue, oropharynx, and eyes were lubricated with petroleum jelly. The servocontrol unit was attached to a 150-Watt ceramic heat emitter, placed Ϸ20 cm above the animal. Ceramic heat emitters give long wavelength radiant heat (4 -14 m) outside the visible range, which penetrates deeply within the animal, thus avoiding extreme surface heat. After the drop in core temperature that occurs with anesthesia (Ϸ34°C), the animals were brought to a baseline steady-state core temperature of 36°C for Ϸ10 min, the normal daytime core temperature of mice in their resting state (26) . Then core temperature was either increased to 37°C (control animals) or 39.5°C for heatstroke animals over Ϸ1 h. In hyperthermia animals, core temperature was then incrementally increased by 0.5°C/30 min up to 42.4°C for 15 s (T max), whereas control animals were kept at 37°C for a matching time period. This Tmax for heated animals is known to induce mild, survivable heatstroke in awake mice (26) . The hyperthermia mice were then allowed to recover at room temperature over 30 min, during which time core temperature fell to 37°C. At the conclusion of either protocol (Ϸ4.5 h), a cardiac puncture was performed for measurement of plasma FD-4, and the intestines were removed and prepared for in vitro permeability assessment. Because the FD-4 was gavaged into the stomach, this method assessed "gastrointestinal permeability" and not intestinal permeability per se. In addition, no attempt was made to prevent excretion of FD-4 into the urine. In previous studies in rats (22) the renal arteries were ligated before heat stress to eliminate this pathway. Therefore, these measures of in vivo gastrointestinal permeability reflect the difference between the uptake of the probe from the intestine and the rate of glomerular filtration and excretion of FD-4 into the urine or other beds.
Procedures for in vitro intestinal permeability. In vitro procedures for isolated intestine were performed in two different experiments 1) to evaluate the effects of hyperthermia on intestines from control animals and 2) to study the effects of heating living animals on the permeability of the isolated intestine, after heat exposure. Control mice were euthanized by carbon dioxide asphyxiation, and the entire small intestines were rapidly excised and placed in preoxygenated medium 199 (with glutamine and sodium bicarbonate but without phenol red). The protocol was modified from a previously developed procedure in the rat (22) . Briefly, the intestinal lumen was gently rinsed with oxygenated medium 199 at room temperature until the contents were cleared. After cleaning was performed, a blunt glass rod was gently placed within the cavity and the gut was everted over the rod, taking care to not cause damage. The gut was then filled with oxygenated medium and tied off in segments ϳ2 cm long with 2-0 suture. Each segment was exposed to Ϸ2 cmH2O pressure before being tied off to ensure equivalent initial transluminal hydrostatic pressure. Depending on the experiment, solutions were composed of fresh medium or fresh medium containing treatments such as antioxidants or Ca ϩ2 chelators, as described in the text. This was included in the filling solutions to ensure treatments were loaded into the basal as well as the luminal sides of the tissue. Segments were then placed into 50-ml conical tubes, in media or media plus treatment compounds, while oxygenated with 95% O 2-5% CO2 and were maintained at either 37°C or one of several hyperthermia temperatures, as described in the text. Buffer solutions included either FD-4 (0.3 mM) for experiments in control mice or TD-4 for experiments following heatstroke (to avoid interference with gavaged FD-4). After this preparation, the conical tubes were suspended in a circulating water bath and brought to the desired temperature, as monitored within the baths with a thermistor (Yellow Springs model 4610).
After the experiment, the volume of the solution inside the intestinal segments (100 -300 l) was carefully measured by collecting all of the fluid into preweighed tubes and calculating volume from weight and density. The square area of the luminal surface was standardized by applying a clear plastic sheet over each transected segment. Thirty grams of weight were distributed across the sheet to gently flatten it. In preliminary experiments, this approach resulted in a gentle stretch of the intestinal wall to the beginning of a plateau in its compliance curve, allowing for a reproducible measurement of area. Though this additional procedure had no impact on the overall effects of heat treatment, it greatly improved the reproducibility of the permeability measurements across segments. Fluorescence of the serosal fluid (inside the segment) was measured using a spectrofluorometer (SpectraMax M5, Molecular Devices), and the concentration of FD-4 or TD-4 was determined by comparison to standard curves. One series of experiments was done to prevent tight junction opening in the absence and presence of heat exposure by chelating intracellular Ca 2ϩ using 100 M BAPTA-AM, a dose based on previous studies (43) .
Determination of oxidative stress. Frozen samples of intestinal segments from in vitro experiments exposure to either 37°C or 41.5°C and with or without treatment with antioxidants were homogenized in PBS with an anti-protease cocktail to reduce protein degradation. After the homogenization, protein concentration was determined (Bradford Assay), and samples were diluted to achieve equivalent concentrations in each lane. The samples were then tested for protein carbonyl accumulation using a commercially available kit (Millipore Oxyblot Protein Oxidation Kit) using standard electrophoresis/Western blot methods: 150 V for 60 min followed by transfer to nitrocellulose at 275 mA for 90 min. The kit derivatizes carbonyls with 2,4-dinitrophenylhydrazine (DNPH) and then uses antibodies against DNPH for detection. After derivatization the membranes were washed and then treated with 1°and 2°antibodies, followed by repeated washes (1°antibody: rabbit anti-DNPH antibody; 2°antibody: goat anti-rabbit IgG, horseradish peroxidase-conjugated). The membranes were then developed using enhanced chemiluminescence (ECL)/ Western blotting reagents. Ponceau (a short-term protein stain) was used for determination of even protein loading across all molecular weights and used as a reference source to identify the location of particular protein bands that were very sensitive to oxidation but may have drifted between gels. This allowed for better comparisons of specific bands between gels.
Lactate dehydrogenase assay. Lactate dehydrogenase (LDH) activity assays were performed to evaluate cytotoxicity in the in vitro tissues taken from the control animals and exposed to heat. Luminal (outside of the gut sacs) fluid samples (50 l) were collected after completion of the experimental protocol (for control tissues as well as NAC-treated tissues) for this test. A commercially available kit (Cayman Chemical) was used for this determination. LDH standard curves were obtained in all studies and were repeated in the presence or absence of NAC to detect for interactions within the assay for the NAC-treatment studies.
Histology. In some in vitro studies and in vivo studies, tissues were collected for histological assessment after the experimental protocol. The tissues were fixed in 4% formaldehyde before staining with hematoxylin and eosin. Structural damage for in vitro segments was assessed using the scaling system from 1 to 5, adapted from Kamel et al. (21) and Chiu et al. (8): 1) Low amount of damage is seen with distinct structural components (epithelial layer and lamina propria).
2) Structural components can still be differentiated but the epithelial layer is noticeably separating from the lamina propria (layer of connective tissue below the epithelial layer containing vascular and lymph vessels). 3) Disorganization of the villi is beginning and differentiating between structural components is difficult. 4) Organization of the villi is chaotic. 5) Structure of villi is chaotic and many villi are completely destroyed down to the basal layers of tissue. Similarly, intestines were studied from in vivo experiments for control and hyperthermia mice. The intestines from in vivo heatstroke experiments were removed and fixed immediately after the 30-min recovery period. A slight variation of the 1-5 scoring system was used, based on the scaling system of Chiu et al. (8) . Three transected segments from the duodenum, ileum, and jejunum were evaluated and results averaged from each animal. Samples were analyzed randomly by two graders in a blinded fashion during collection and the results averaged. Each histological segment was divided into four random areas, each given a ranking according to the scale above. The rankings for each area were then averaged to give an overall score for the segment of sample. This process was repeated for each sample.
Data analysis and statistics. Permeability of intestinal segments was represented as transport of nanomoles of FITC-dextran/cm 2 (i.e., normalized to intestinal surface area of the segment). This analytical method was taken from Lambert et al. (22) : permeability ϭ (concentration serosal fluid·volumeserosal fluid)/mucosal surface area.
LDH release was measured by activity (represented as U/mg tissue). The thermal load was reported in (°C·min) and was calculated as the integration of time (min) ϫ (rectal temperature-40.4°C) when core temperature was Ն40.4°C (20, 22) . This calculation of thermal load was used rather than the more recent calculation of thermal area, which sets a threshold in mice at 39.5°C (26) . Our rationale was that we wanted to compare our heat exposures in mice directly with previous studies of in vivo intestinal permeability in rats, where the 40.4°C threshold was used (22) . Second, our data will show that we did not see appreciable changes in intestinal permeability in vitro with temperature exposures below 40.5°C over 90 min. Therefore, we wanted to be able to compare the approximate temperature ϫ time the animals were above this temperature range, which appears to be required for injury to occur to in vitro intestines. Analysis of gels was accomplished by using Image J software (NIH). For normalization of experiments, all samples were loaded onto a single gel for each set of experiments and controls. The densitometry measurements from seven relatively consistent bands were chosen across all lanes for a comparison of overall protein oxidation signal. This was done to reduce background noise. Data were expressed as fold changes compared with the first time point in a series (15 min).
Student's t-test or ANOVA were used to describe main effects with Tukey's or least squares mean contrasts, where appropriate, used to evaluate specific effects between individual groups in multi-way ANOVA (SAS JMP software). All data are represented as means Ϯ SE. For permeability measurements, each intestine produced 6 -8 individual segments. A stratified randomization protocol was used to ensure that each experimental group represented an equivalent number of intestinal segments from each region to avoid bias from different regions (duodenal, ileal, or jejunal). Statistics were then performed on the grand mean values of the individual segments from each animal for each treatment; i.e., the n for each experiment represents the number of animals, not segments. P Ͻ0.05 was the minimum acceptable ␣ value.
RESULTS

Effects of in vivo heat stress on gastrointestinal permeability.
One group of mice were gavaged with FD-4 and then exposed to a hyperthermia protocol as shown in Fig. 1A . Core temperature was rapidly elevated to 39.5°C, over 1 h, and then increased at 0.5°C per 30 min until the target T max of 42.4°C was achieved. The average thermal load (20) was 111 Ϯ 5.3°C·min. The survival rate over the whole heat stress protocol and recovery was 46% (6/13). Only the animals (n ϭ 6) that survived the entire exposure and recovery period were compared against time-matched controls (n ϭ 4), because the concentration of FD-4 in the plasma is time dependent. Animals exposed to hyperthermia showed elevated plasma FD-4 compared with controls ( Fig. 1B, P Ͻ 0.01) . However, when the small intestines were removed for in vitro measures of permeability, ϳ3 h after reaching T max , no changes in permeability could be detected (Fig. 1C) . This data reflects the influence of combined tight junction opening and injury in the in vivo permeability experiments. In contrast, the in vitro experiments suggest that the tight junctions were either closed, over the time required to test the segments, or mild injury was repaired.
In a second set of in vivo heatstroke experiments in anesthetized mice (n ϭ 6 in both control and heatstroke mice), the intestines were removed and fixed in formalin for histological evaluation immediately after the heating and recovery protocol. Histological results were compared with time-matched sham controls. A typical example can be seen in Fig. 2 . The most severe injury was consistently observed in the duodenum. The average injury scores for each region of the intestine are expressed in Table 1 , which confirms a predominant and consistent injury occurring primarily in the duodenal regions.
Susceptibility of in vitro small intestines from control animals to hyperthermia-induced changes in permeability. Permeability of isolated intestinal segments taken from control, untreated animals was significantly increased (P Ͻ 0.05) after exposure to 41.5°C or higher for 90 min compared with controls (Fig. 3A) , whereas exposure to 40.5°C resulted in no significant increases in permeability. The thermal load of the in vitro tissue exposed to 41.5°C, where injury was first seen, was 99°C·min, which was roughly comparable to the thermal load that intestines would have been exposed to in the in vivo studies (111°C·min, as stated above). Exposure to 42.5°C showed a further apparent increase compared with 41.5°C treatment, though the differences did not reach statistical significance with this sample size. In a separate set of experiments, tissues exposed to 41.5°C, over a 90-min period were sampled at intermediate time points (Fig. 3B) . Changes in permeability were first detectable between 30 and 60 min, whereas exposure for 15 min at 41.5°C was insufficient to increase permeability to a measurable extent. These results are nearly identical to previous studies in the rat (22) .
LDH release from heated in vitro tissue taken from control animals. Media taken from tissue bathing solutions during 37°C and 41.5°C exposures were used to measure for LDH Fig. 2 . Representative hematoxylin and eosin staining of intestinal epithelium from specified regions of control mice (left) and heatstroke mice (right). There was consistent evidence of disorganized and blunted epithelium in the heatstroke animals, with more predominant evidence of injury in the duodenum. Values are means Ϯ SE; n ϭ 6 animals in each group; *Two-way ANOVA, post least squares contrasts. NS, not significant release. As shown in Fig. 3C, 41 .5°C exposure resulted in significant increases (P Ͻ 0.01) in LDH release after 60 min compared with 15 min exposure. LDH release was also significantly increased (P Ͻ 0.05) after 90 min of 37°C exposure, suggesting a small deterioration in control tissue at body temperature. The elevations in LDH in 37°C control experiments were not associated with elevations in permeability (see Fig. 3B ). These results are also nearly identical to previous studies in the rat (22) .
Oxidative stress in in vitro intestine from control animals treated with hyperthermia. To evaluate the extent of oxidative stress during hyperthermia in the in vitro experiments, protein carbonyl formation was measured using Western analysis. Tissues exposed to 90 min at 41.5°C yielded a significant increase (P Ͻ 0.01) in protein oxidation (carbonyl formation) compared with 15 min at 41.5°C (Fig. 4, A and B) . To test the hypothesis that the increase in permeability during hyperthermia is associated with increased oxidative stress, tissues were then treated during hyperthermia with the antioxidants Tiron (10 mM), Trolox (100 M), or NAC (10 mM) (Fig. 5) . Doses of these agents were taken from previous work by our laboratory and others (35, 45) . Tiron and Trolox treatment did not protect against hyperthermia-induced permeability at 41.5°C. However, NAC treatment resulted in a significant protection to near-control levels. To ensure that the influence of NAC on in vitro permeability did not represent a Type I error due to low sample size, the sample size was increased to n ϭ 8. There was no noticeable change in central tendency when these additional experiments were added. NAC treatment also significantly reduced the protein carbonyl formation in the heat-treated intestinal segments, as shown in Fig. 4 , B and C.
Histological assessment of heated, control, and NAC-treated in vitro intestinal segments from control animals. Representative histological hematoxolyn and eosin-stained pictures of in vitro tissues exposed to 37°C and 41.5°C for 90 min are shown in Fig. 6, A and B . Note that the in vitro segments lost some of their characteristic architecture compared with those intestines taken immediately from the living animal (compare Fig. 6 with Fig. 2 ). With the use of a standardized score index from 1 to 5, the average damage scores are shown in Fig. 6D . The extent of damage was significantly higher in tissues treated with 41.5°C compared with 37°C. NAC treatment significantly reduced the damage in hyperthermia-treated tissues compared with untreated control tissues, as shown in the image in Fig. 6C and the grouped data in Fig. 6D .
Effects of calcium chelation during hyperthermia on in vitro intestine from control animals. To test the hypothesis that an increase in intracellular calcium during hyperthermia is causing permeability dysfunction, possibly by opening regulatory tight junctions, in vitro segments undergoing hyperthermia or normothermia were treated with the Ca 2ϩ chelator BAPTA-AM (100 M). Ca 2ϩ chelation had no effects on hyperthermia-induced intestinal permeability (Fig. 7) .
DISCUSSION
The results demonstrate that in the anesthetized mouse, exposure to elevated temperatures, sufficient to induce heatstroke-like symptoms (26) , results in marked elevations in intestinal permeability and histological damage. These changes are very consistent with previous studies in other animal models, particularly in the rat (22) , thus paving the way for future mechanistic studies using transgenic manipulations or other molecular approaches accessible in mice. Notably, in both in vivo and in vitro conditions, relatively brief hyperthermia exposure induced significant injury to the epithelium, as shown by histological evidence. In the in vitro intestine, Fig. 3 . A: comparison of intestinal permeability in in vitro intestinal segments when exposed to increasing bath temperatures (n ϭ 4 mice in each); *P Ͻ 0.05 from 37°C. B: time course of changes in permeability in intestinal segments exposed to 41.5°C vs. 37°C (n ϭ 4 mice at each time point). C: lactate dehydrogenase (LDH) release over time in segments exposed to 41.5°C or 37°C (n ϭ 4 mice for each time point). For both B and C: ⌽P Ͻ 0.01 from initial 15 min time point; *P Ͻ 0.05 for 41.5°C vs. 37°C at 90 min; ϩP Ͻ 0.05 from initial 15-min time point in 37°C-treated group.
hyperthermia also resulted in LDH release and oxidative damage. The injury seen in vitro was reduced significantly by incubation with NAC. Though epithelial tight junction opening may accompany or precede the epithelial injury during exposure to hyperthermia, as has been previously shown in cell culture (11) , the time course and consistency of the histological evidence observed across both models suggests that the permeability defect is closely associated with extensive injury to the epithelial lining.
Although gastrointestinal permeability was clearly elevated during in vivo heatstroke, when the small intestines from these animals were removed and studied in vitro, there were no elevations in permeability. There are several plausible explanations. First, the Ͼ3-h recovery period following heat that was necessary for in vitro tissue preparation and permeability measurements may have been sufficient for the injury to repair itself. Rapid repair of local intestinal epithelial injury (i.e., restitution) is a well-known feature of the biology of the small intestine (3, 15) . For example, following ischemia-reperfusion injury, human intestine restores the integrity of the epithelial lining within a 2-to 3-h window by pinching off damaged areas of the villus tip (15) , and other processes of cell migration are employed as well. Second, isolated intestinal segments may be insensitive to the causes of permeability that occur in vivo, as discussed in more detail below. Third, in vivo intestinal permeability is regulated to some extent by the balance of pro-and anti-inflammatory cytokine signals within the mucosa (10, 44) . Hyperthermia or heatstroke conditions result in large changes in the concentrations of circulating cytokines (5, 24, 25) . These often include elevations in TNF-␣, IFN-␥, and IL-1␤ (5, 24, 25) , which are well-known inducers of epithelial tight junction opening (1, 44) . Therefore, whereas in vivo these pro-inflammatory cytokines may cause an increase in permeability or contribute to injury, this effect would be diluted when tissues are bathed in media during in vitro experiments. Fourth, our measures of in vivo permeability are not restricted to the small intestine and may encompass permeability changes in the stomach or the large intestine, which would not be evident in the isolated small intestine. Furthermore, our in vivo permeability measurements have limitations. For example, they may reflect movement of the translocated dye into other tissue beds because of heat-induced changes in vascular permeability or into the urine via glomerular filtration. However, these effects would underestimate the in vivo intestinal permeability measurement. In contrast, if heat injury caused major reductions to kidney blood flow or injury to the glomerulus, it could limit the rate of excretion of the dye compared with controls and thus overestimate its translocation. However, we feel the consistency between the changes in in vivo permeability and the extent of histological evidence of injury, as well as the similar findings of Lambert et al. (22) in the rat where the renal arteries were ligated, makes this latter possibility unlikely to be a major factor over this time course.
Our results are almost entirely consistent with the previous classic work in the rat by Lambert et al. (22) except that these investigators did not see significant oxidative stress in isolated rat intestinal segments during hyperthermia. However, our results may complement their work with regard to the influence of specific antioxidants, as shown in Fig. 5 . Lambert et al. used Tempol (a powerful superoxide scavenger and superoxide dismutase mimetic), ebselen (a glutathione peroxidase mimic), and nitro-L-arginine methyl ester (L-NAME, a nitric oxide synthase and nitric oxide synthase-derived-superoxide inhibitor) to block oxidative and nitrosative stress. None of these interventions impacted permeability. We utilized Tiron, a superoxide scavenger/superoxide dismutase mimetic, expected to behave like Tempol; it also had no effect. Ebselen is an effective antioxidant enzyme, but it requires an adequate level of reduced glutathione (GSH) to be effective. In GSH-depleted tissues, ebselen results in further oxidative stress and further thiol depletion (46) . A parallel effect is seen with overproduction of glutathione peroxidase in transgenic mice, which results in a highly thermosensitive mouse phenotype (32) . In contrast, our results show a powerful protective effect of NAC, known primarily as a thiol precursor, and a substrate for GSH synthesis (33) . Hyperthermia induces a marked decrease in reduced thiols in many tissues such as the liver (41), and it is likely that GSH depletion is also occurring in the intestinal mucosa in these conditions. This would result in a strong sensitivity to NAC. Addition of the general antioxidant and vitamin E analog Trolox also had no effect in our hands, even though vitamin E has been shown to be effective in protecting rats during heatstroke (34) .
To evaluate the relative importance of injury versus tight junction opening as the underlying cause of heat-induced barrier dysfunction in isolated intestinal segments, we performed experiments in the presence of an intracellular Ca 2ϩ chelator BAPTA-AM. A key determinant of tight junction opening is the myosin-actin interactions resulting from eleva- tions in intracellular [Ca 2ϩ ] in the epithelial lining (42) . Intracellular Ca 2ϩ is expected to rise in hyperthermia, as cells initially release internal endoplasmic reticular Ca 2ϩ stores in response to heat, followed by slow inward leakage of extracellular Ca 2ϩ (7) . Elevations in intracellular Ca 2ϩ from Ϸ100 to 200 nM would be expected, based on observations in human colonic epithelium during heat (31) . However, chelation had no effect on the permeability measured in the in vitro preparations. We conclude from this experiment that it is unlikely that tight junction opening via Ca 2ϩ signaling is a prerequisite for the permeability defect seen in the in vitro preparations, which appear dominated by heat-induced injury.
In general, we found similar results in terms of both permeability and histological injury in the in vivo and in vitro preparations. However, the amount of injury appears to be larger in the in vitro intestinal segments compared with samples taken immediately from living animals (Fig. 2 vs. Fig. 6 ). There could be a number of explanations for this. For example, first it is likely that there is a substantial loss of the mucus layer in everted intestinal preparations caused by the isolation procedures. The mucus layer is known to have a myriad of protective functions against oxidative stress, protease activity, and other mediators of injury (2, 6, 37) . Second, the epithelial surface is exposed to higher O 2 levels during incubation than would occur in vivo. These could also contribute to ongoing oxidative stress. Furthermore, lack of a continuous stream of nutrients that would sustain intracellular redox state and thiol status may make the tissue more vulnerable. For example, the absence of significant cysteine in the bathing medium necessary for glutathione synthesis may account for the sensitivity to NAC in heat, as NAC functions as a substrate for glutathione synthesis (9) . Finally, loss or dilution of normal cytokine signals such as IL-10 that are in the normal intestinal microenvironment may make the isolated intestinal wall particularly susceptible to other inflammatory pathways or to tight junction opening over extended periods (44) . By whatever mechanism, it is clear that the histological architecture is greatly altered in the in vitro preparation (Fig. 6 ) compared with the in vivo preparation (Fig. 2) .
Perspectives and Significance
Revealing the mechanisms and the timing of changes in intestinal permeability occurring as heatstroke progresses is key to ultimately understanding the origins of the inflammatory storm and multiorgan failure associated with severe hyperthermia. The results demonstrate that in the mouse, increases in intestinal permeability occur at core temperatures at or below conditions inducing heatstroke in humans (4, 19) and other species (5, 17, 25, 26) and may even occur under conditions of high fever or during exercise in warm environments. This work may enable future experiments that can take advantage of genetic mouse models, where different components of the immune system have been altered or different cells or proteins have been genetically labeled within the intestinal wall (30) . In addition, it adds to the mounting data that oxidative stress is an important mediator of damage in heat-related illnesses, particularly with respect to intestinal injury. The finding that thiol oxidation and/or depletion may be an important underlying mechanism could provide a window for future therapeutic or nutritional interventions. The predominance of injury in the upper regions of intestine may provide a target organ for design of treatment paradigms. More experimentation is needed to fully elucidate the role of tight junctions in hyperthermia, because their importance could involve the initial steps of heat stress but is overshadowed by the severe damage due to prolonged oxidative stress and other forms of hyperthermic injury.
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